Organization and Key Factors of the Shoot Meristem
==================================================

In dicotyledonary angiosperms the shoot meristem is organized in three cell layers that contribute differentially to plant growth (Figure [1](#F1){ref-type="fig"}). The outermost L1 and the underlying L2 divide predominantly periclinally and give rise to the epidermis and subepidermal tissue. The L3 divides in all directions and gives rise to inner tissue. Clonal studies have determined that all postembryonically formed shoot cells ultimately are derived from about three stem cells in each layer (Stewart and Dermen, [@B53]). They are located in the outermost area of the central zone (CZ) that is defined by a lower cell division rate, compared to the peripheral zone (PZ) where lateral organ anlagen are initiated, and the underlying rib zone (RZ) that forms the pith tissue (Lyndon, [@B39]).

![**Arabidopsis shoot apical meristem organization**. The shoot meristem with the central zone (CZ), the peripheral zone (PZ), and the rib zone (RZ) is shown. The three layers (L1--L3) are indicated. Stem cells (shown in blue, expressing *CLV3*) and the organizing center (OC; shown in red, expressing *WUS*) interact in a negative feedback loop. In the leaf primordium, adaxial and abaxial cell fates are marked by expression of *HD-ZIP III* and *KANADI* family genes, respectively. Modified from Gross-Hardt and Laux ([@B20]).](fpls-02-00093-g001){#F1}

The plant specific homeobox gene *WUSCHEL* (*WUS*) is expressed in the organizing center (OC), a small group of L3 cells (Figure [1](#F1){ref-type="fig"}). *WUS* is required to maintain the stem cells undifferentiated and for *CLAVATA3* (*CLV3*) expression therein (Mayer et al., [@B41]; Schoof et al., [@B50]). *CLV3* serves as a negative feedback signal that binds to several leucine-rich-repeat receptor-like kinases, including *CLAVATA1* (*CLV1*; Fletcher et al., [@B18]; Rojo et al., [@B49]; Ogawa et al., [@B46]), to restrict the OC by downregulating *WUS* transcription (Lenhard and Laux, [@B33]). This negative feedback loop between OC and stem cells provides a conceptual framework for how stem cell number can be dynamically kept constant (Schoof et al., [@B50]).

The *SHOOTMERISTEMLESS* (*STM*) gene, similar to its maize ortholog *KNOTTED1*, is expressed throughout the meristem dome but is absent from incipient organ anlagen (Long et al., [@B37]). STM maintains meristem cell fate by directly promoting cytokinin synthesis and repressing accumulation of the cytokinin antagonist gibberellic acid (Hay et al., [@B24]; Jasinski et al., [@B27]; Yanai et al., [@B59]). In addition, *STM* prevents expression of *ASYMMETRIC LEAVES1* (*AS1*), a repressor of the meristem genes *BP*/*KNAT1* and *KNAT2*. Opposite to the shoot meristem, leaf primordia are marked by the accumulation of auxin and gibberellins, and by the expression of *AS1/2*, which together promote differentiation (Byrne et al., [@B10], [@B11]; Hay et al., [@B23]).

Setting Up the Apical Embryo Pole
=================================

Due to a largely invariant cell division pattern, the origin of the shoot meristem can be traced back to cellular decisions during *Arabidopsis* early embryogenesis (Figure [2](#F2){ref-type="fig"}). As in most plants investigated, the *Arabidopsis* zygote divides asymmetrically to give rise to two daughter cells of different developmental perspectives (Figures [2](#F2){ref-type="fig"}A,B). While the larger and highly vacuolated basal cell forms mainly the extra embryonic suspensor (the basal lineage), the small densely cytoplasmic apical cell gives rise to most of the embryo (the apical lineage). In the eight-cell embryo, the upper tier of four-cells are the founders of the shoot, including the shoot meristem, whereas the lower tier give rise to hypocotyl and embryonic root (Jürgens and Mayer, [@B28]). By a round of periclinal divisions, the eight-cell embryo separates the protoderm from inner cells. Subsequently, elongated cells in the lower half indicate the onset of vascular development. At the globular embryo stage, periclinal cell divisions at the two flanks result in an outgrowth of cotyledon primordia. Soon thereafter the three layered shoot meristem is visible between the growing cotyledons at the late heart stage.

![**Apical pole establishment during embryogenesis**. **(A)** Gene interactions during the asymmetric division of the *Arabidopsis* zygote. *SSP* mRNA acts as a signal delivered by the pollen to promote elongation and asymmetric division of the zygote via the YDA pathway. The *WRKY/WOX* pathway promotes polar organelle localization in and asymmetric division of the zygote. Vacuoles (white), nuclei (circles) are indicated. Expression domains and PIN7 localization are color-coded as shown in **(B)**. Modified from Zhang and Laux ([@B60]). **(B)** Apical and basal lineage development. The zygote co-expresses *WOX2*, *WOX8*, and *WOX9*, the expression patterns of which subsequently mark the gradual establishment of the body plan. RAM, root meristem primordium; SAM, shoot meristem primordium. **(C)** Partitioning of the apical embryo domain. Upper row: longitudinal views of embryos, displaying *WUS*, *CLV3*, and *DRN*, *DRNL* expression patterns. Bottom row: top views of embryos. Expression domains of marker genes showing the gradual establishment of bilateral symmetry are indicated. Figure modified from Laux et al. ([@B32]). For references and gene symbols see text.](fpls-02-00093-g002){#F2}

Thus the shoot meristem originates through a series of formative cell divisions from the asymmetric division of the zygote onward. Mutant and gene expression studies have provided an entry point to analyze these early processes.

Important information for the asymmetric division of the zygote comes from the pollen which provides mRNA of the SHORT SUSPENSOR (*SSP*) gene (Bayer et al., [@B3]). *SSP* encodes an interleukin-1 receptor-associated kinase/Pelle-like kinase and genetically is upstream of YODA, a MAPKK kinase (Figure [2](#F2){ref-type="fig"}A). The absence of SSP, YDA, or the downstream transcription factor GROUNDED (GRD) leads to failure of zygote elongation, a more symmetric division, and mis-specification of suspensor fate (Lukowitz et al., [@B38]; Bayer et al., [@B3]). Mutations in the *WRKY2* gene also result in a more symmetric division of the zygote (Ueda et al., [@B56]). Here, it is the shift of the nucleus to the upper half of the zygote and the accumulation of vacuoles in the basal half that unlike wildtype do not take place in the *wrky2* mutant, indicating a role for *WRKY2* in establishing polar organization of the zygote. Subsequently, the two daughter cells in *wrky2* not only are of similar size but also both contain prominent vacuoles, in contrast to wildtype where prominent vacuoles are a hallmark of the basal daughter cell. Future work will reveal how *YDA* and *WRKY2* pathways are interconnected in the zygote.

*WRKY2* directly activates transcription of *WOX8* and presumably also of the redundant *WOX9* gene in the zygote (Ueda et al., [@B56]). *WOX8* expression is sufficient to rescue *wrky2* polarity defects indicating that this interaction is relevant for zygote asymmetry. *WOX8/9* are members of the intermediate clade of the *WUSCHEL HOMEOBOX* (*WOX*) gene family; and both genes are expressed in the zygote and in its basal derivatives (Figure [2](#F2){ref-type="fig"}B; Haecker et al., [@B21]). Together with *WOX8/9* the zygote expresses *WOX2*, which is restricted to the apical cell after the zygotic division, and subsequently to the upper half of the dermatogen embryo (Haecker et al., [@B21]).

*WOX8/9* act redundantly in the development of the suspensor, but also non-cell autonomously in the development of the apical derivatives of the zygote (Breuninger et al., [@B7]), where *WOX8/9* are required for expression of *WOX2*. *WOX2* in turn, together with *WOX1*, *WOX3/PRS*, and *WOX5*, redundantly functions in shoot development, including expression of *PIN-FORMED* (*PIN1*), polar distribution of auxin, protoderm separation, and cotyledon spacing (Breuninger et al., [@B7]). Comparison of multiple mutant phenotypes indicates that *WOX2* is the main regulator of embryonic shoot patterning, whereas *WOX1*, *WOX3/PRS*, and *WOX5* only become relevant if *WOX2* is mutant. Previous reports highlighted the importance of auxin accumulation in the embryo proper via PIN7-mediated transport as an important step for apical--basal axis formation and cotyledon spacing (Friml et al., [@B19]). One interesting question to be addressed in the future is whether WOX activity is also linked to PIN7 expression and auxin patterns from the one-cell embryo stage. In line with phenotypic differences between *yda* and *wox8 wox9* mutants, triple mutant combinations indicate that both activities converge early in embryogenesis (Breuninger et al., [@B7]).

Together, these findings have suggested that the zygote expresses a mixture of basal and apical lineage regulators and that distortion of this balance affects the asymmetry of the zygotic division.

Initiation of the Shoot Meristem Stem Cell Niche
================================================

Soon after apical and basal embryo lineages are established, shoot and root stem cell niches become apparent. Shoot and root fate involve complementary master regulators, HD-ZIPIII, and PLETHORA transcription factors, respectively. Ectopic expression of the HD-ZIPIII factor *REVOLUTA* (*REV*, see below) in the root pole is sufficient to convert the root into a second shoot structure by antagonizing *PLETHORA* (*PLT*) activity (Smith and Long, [@B51]). Vice versa, ectopic expression of *PLT* in the shoot pole of *topless* mutants causes a shoot to root transition.

In 16-cell wildtype embryos, *WUS* expression is initiated in the four inner cells of the apical embryo, which by a series of asymmetric divisions will give rise to the OC (Mayer et al., [@B41]; Figure [2](#F2){ref-type="fig"}C). Interestingly, however, the earliest defects observed in *wus* mutants are in heart stage embryos, when the cells and the structure of the shoot meristem primordium are abnormal. The role of *WUS* during the 16-cell to heart transition is yet unknown. Notably, *WUS* has been found to act also in female gametogenesis and male organ development (Deyhle et al., [@B15]; Lieber et al., [@B34]). In analogy, yet undiscovered functions of *WUS* unrelated to stem cell development cannot be excluded during early embryogenesis. Alternatively, it is possible that *WUS* solely acts to specify the precursor cells of the OC.

Which factors establish early *WUS* expression? Since *WOX2* and *WUS* expression domains overlap at the 16-cell stage (Mayer et al., [@B41]; Haecker et al., [@B21]) and *wox1,2,3,5* quadruple mutants are unable to form a shoot (Breuninger et al., [@B7]), *WOX2* appears a plausible candidate that needs to be addressed. Several other mutants display an altered *WUS* expression pattern at later stages. For example, the *DORNRÖSCHEN* (*DRN*) gene is expressed from the one-cell embryo in the embryo proper and in *drn dornröschen-like* mutants, *WUS* expression is shifted laterally in the early globular embryo (Chandler et al., [@B13]), suggesting that *DRN/DRNL* are required to position the OC.

Two factors, *SPLAYED* (*SYD*) and *BARD1* (Kwon et al., [@B31]; Han et al., [@B22]) directly affect *WUS* expression. *SYD*, a SNF2-class ATPase is required for efficient transcription of *WUS*, whereas *BARD1*, previously implicated in DNA repair, is required to repress *WUS* in the stem cells and confine its expression to the OC of seedling meristems. Both factors are expressed during early embryogenesis, raising the possibility that chromatin regulation is involved also in early stages of the *WUS* expression pattern.

*CLV1* and *CLV3* mRNA have been detected in the shoot meristem primordium as early as the heart embryo stage (Figure [2](#F2){ref-type="fig"}C; Long and Barton, [@B36]; Fletcher et al., [@B18]). *clv1* and *clv3* mutants display an increased expression domain of *WUS* from heart stage on, indicating the *CLV* signaling cascade is functional (Schoof et al., [@B50]). On the other hand, *CLV3* expression is absent in mature *wus* embryos (Brand et al., [@B5]), showing that *WUS* is required for *CLV3* expression during embryogenesis. It will be of interest to determine the onset of *CLV3* expression, the role of *WUS* therein, and the initiation of the WUS/CLV3 feedback regulation in the embryo.

Setting Up the Shoot Meristem Primordium in the Globular Embryo
===============================================================

The apical half of the globular embryo becomes partitioned into two lateral organ primordia and a central stripe that develops into the shoot meristem. Kaplan and Cooke ([@B29]) propose that initiation of cotyledons is equivalent to initiation of leaves and thus that the apical domain of the embryo constitutes the first shoot meristem. However, with the discovery of stem cell regulators, the emerging picture is that many components of a self-maintaining meristem are still missing in the globular embryo. This suggests that cotyledon initiation, albeit morphologically similar to postembryonic leaf initiation, uses a different genetic repertoire than the postembryonic shoot meristem.

Establishing bilateral symmetry of the embryo and specification of the center as shoot meristem primordium involves an interplay of auxin, *CUP-SHAPED COTYLEDON* (*CUC*) genes, and the *STM* gene. At the globular embryo stage, *CUPSHAPED COTYLEDON* (*CUC*) genes *CUC1* and *CUC2* are expressed in a narrow stripe separating the presumptive cotyledonary primordia (Figure [2](#F2){ref-type="fig"}C; Aida et al., [@B1]; Takada et al., [@B54]). Detailed expression studies indicate that PIN1 and the auxin response factor MONOPTEROS are required to confine *CUC1* expression to the central stripe and to enhance *CUC2* expression therein (Aida et al., [@B2]), supporting an important role for auxin in the establishment of bilateral symmetry. CUC1 and CUC2 activities in turn are required to initiate *STM* expression and overexpression of *CUC1* induces the formation of ectopic meristems, indicating *CUCs* as promoters of shoot meristem fate (Takada et al., [@B54]). During shoot meristem formation, *STM* appears to fulfill two functions: repression of cell division in the margins of the CZ to allow separation of cotyledons, and maintenance of shoot meristem cells in the center (Figure [2](#F2){ref-type="fig"}C; Long et al., [@B37]). Recent studies using postembryonic tissue revealed that *STM* can in turn promote expression of *CUC1*/2/*3* genes (Spinelli et al., [@B52]). In addition, *STM* also represses *CUC1/2* genes by indirectly activating *MIR164*a which targets *CUC* mRNA, suggesting the potential for positive and negative feedback loops between *STM* and *CUC* genes. It will be important to compare the precise spatio-temporal expression patterns and requirements for *STM*, *MIR164a*, and *CUC* genes during embryogenesis in order to evaluate the impact of these different interactions for shoot meristem initiation.

At the same time when the median stripe is specified, the peripheral regions initiate cotyledonary primordia. Expression of the *AINTEGUMENTA* (*ANT*) gene marks a peripheral ring of the globular embryo that overlaps with the central *STM* expression stripe; setting up two lateral regions that express *ANT* but not *STM* and that will give rise to the cotyledons (Figure [2](#F2){ref-type="fig"}C; Long and Barton, [@B36]). Afterward, *ANT* expression is confined to the cotyledons, together with *AS1* that, in analogy to leaves, might downregulate the meristem genes *KNAT1* and *KNAT2* to allow differentiation (Byrne et al., [@B10]; Ori et al., [@B47]).

At the transition stage, when cotyledonary primordia just became visible, auxin response maxima appear at the tips of the forming cotyledons due to polarized transport mediated by PIN1 (Benkova et al., [@B4]). This situation is somewhat reminiscent to the initiation of lateral organs in the postembryonic meristem (Braybrook and Kuhlemeier, [@B6]). However, whereas in the shoot meristem auxin response maxima predict the site of future organs, during embryogenesis, auxin accumulation is only observed after the cotyledons are established. Thus, auxin might function in cotyledon development at a later step than in the shoot meristem. Alternatively, low levels of auxin response that escaped the detection might determine the cotyledon positions.

The Meristem Goes to Work: Role of ZWILLE Expression in the Vasculature
=======================================================================

Loss-of-function mutants of the *ZWILLE* gene (*ZLL*; also called *PINHEAD* and *AGO10*) lack a shoot meristem at the seedling stage and instead display an empty apex, indistinguishable from *wus* seedlings, or a differentiated leaf structure (Mcconnell and Barton, [@B42]; Moussian et al., [@B45]). In contrast to *wus* mutants, however, *zll* seedlings can form indeterminate shoot meristems after germination, indicating an essential role during embryonic shoot meristem development (Endrizzi et al., [@B17]; Moussian et al., [@B45]). *zll* embryos express *WUS*, and also initiate *CLV3* expression, but subsequently *CLV3* expression is not maintained despite the presence of WUS (Tucker et al., [@B55]). Furthermore, overexpression of *WUS* is ineffective in a *zll* mutant. This indicates that ZLL is required to potentiate WUS dependent signaling from the OC to maintain stem cell identity and *CLV3* expression.

*ZLL* encodes a member of the ARGONAUTE proteins that are central components in RNA interference (Moussian et al., [@B45]; Hutvagner and Simard, [@B25]). Interestingly, *ZLL* expression in the vascular primordium is sufficient to rescue stem cell maintenance, indicating a non-cell autonomous mechanism by which the vasculature sustains the overlying shoot meristem (Tucker et al., [@B55]). Since ZLL protein itself does not seem to move (Moussian et al., [@B44]), what might be a signal emanating from vascular cells? Liu et al. ([@B35]) discovered that in *zll* mutants, miR165/166 accumulates in the shoot meristem primordium and in turn their targets, class III HD-ZIP mRNAs *REVOLUTA* (*REV*), *PHABULOSA* (*PHB*), and *AtHB15* are reduced. *HD-ZIPIII* genes encode homeodomain transcription factors and have overlapping and antagonistic roles in shoot meristem maintenance, adaxial--abaxial polarity, and vascular development (Prigge et al., [@B48]; Byrne, [@B9]). miR165/6 expression overlaps with transcripts of the *HD-ZIP III* mRNAs during cotyledon development and in the shoot meristem of mature embryos, suggesting that miR165/6 tunes the steady state levels of its targets mRNAs (Williams et al., [@B58]).

Since shoot meristem development was restored in *zll* mutants by miRNA resistant versions of *REV* or *PHB* and by reduction of miRNA165/166 levels via mimicry RNAs (Liu et al., [@B35]), the accumulation of miR165/166 appears to be the cause of shoot meristem loss in the *zll* mutant. AGO proteins normally bind miRNAs to either degrade or translationally inhibit their target mRNAs, and therefore, the increase of HD-ZIPIII RNAi in the absence of ZLL is somewhat paradoxical. It was noted before, however, that ZLL not only can act in RNAi (Brodersen et al., [@B8]), but also can antagonize gene silencing and developmental functions of AGO1, a major AGO protein in mRNA degradation (Mallory et al., [@B40]). One interesting model proposed therefore is that ZLL might bind in the vasculature to miR165/166 and thus block its accumulation in the shoot meristem primordium (Braybrook and Kuhlemeier, [@B6]; Chitwood and Timmermans, [@B14]). In line with this model, the ability of miR165/6 to move between cells has been reported (Carlsbecker et al., [@B12]). Furthermore, biochemical evidence shows that ZLL specifically binds to the duplex of miR166/166\* with a higher affinity than AGO1. Importantly, *in vitro* RNAi experiments indicate that ZLL appears to be less efficient than AGO1 in degrading *HD-ZIPIII* mRNA. Therefore, ZLL might function by sequestering miR165/166 away from the catalytically more active AGO1, resulting in higher *HD-ZIPIII* mRNA levels (Figure [3](#F3){ref-type="fig"}; Zhu et al., [@B61]).

![**Function of AGO1, ZLL, and *miR165/166* during embryogenesis**. In wild type, ZLL protein is thought to sequester miR165/166 away from AGO1, thus allowing accumulation of HD-ZIPIII mRNA in the shoot meristem region and maintenance of stem cells (expressing *CLV3*). In the *zll* embryo, higher levels of *miR165/166* can bind to AGO1, resulting in a reduction of HD-ZIPIII transcript levels, termination of the shoot meristem and of *CLV3* expression. Gene expression domains are indicated.](fpls-02-00093-g003){#F3}

Interplay of Leaf Patterning and Shoot Meristem Maintenance
===========================================================

Analysis of the *phantastica* (*phan*) mutant in *Antirrhinum* by Waites et al. ([@B57]) showed that shoot meristem maintenance requires signals from its descendants, the leaves. In addition to defects in adaxial--abaxial leaf polarity, *phan* mutants grown at low temperatures fail to maintain the shoot meristem. Notably, *PHAN* mRNA was exclusively detected in lateral organ initials, implying signaling from leaf primordia back to the shoot meristem.

Mutants of adaxial--abaxial leaf polarity genes in *Arabidopsis* corroborate this notion. The miRNA resistant mutant *phb1-d* gives rise to adaxialized leaves, bearing ectopic shoot meristems on the lower side (Mcconnell and Barton, [@B43]). Vice versa, multiple *HD-ZIPIII* mutant seedlings variably display abaxialized cotyledons and shoot meristem termination (Emery et al., [@B16]; Prigge et al., [@B48]). Thus, in addition to *HD-ZIPIII* gene expression in the meristem primordium, their role in leaf primordia patterning might also be required for shoot meristem formation, but distinguishing these two functions still needs to be addressed. Opposite to *HD-ZIPIII* genes, overexpression of *KANADI* (*KAN*) genes, which antagonize *HD-ZIPIII* functions in leaf development and promote abaxial development, result in termination of the shoot meristem (Kerstetter et al., [@B30]; Izhaki and Bowman, [@B26]). These data together indicate that an adaxial environment promotes shoot meristem formation, whereas abaxial features antagonize it. The nature of the underlying hypothetical leaf borne signal(s) is yet to be determined.

Perspectives
============

During the past decade important players that are involved in building the *Arabidopsis* embryo have been identified. Many of those were found based on postembryonic mutant phenotypes; it is thus not surprising that currently our knowledge of embryo patterning is biased toward the initiation of postembryonic networks. Whether there is also an underlying set of embryo specific regulators not detected in conventional mutant screens remains to be determined. Genetic screens in sensitized backgrounds, searches for abnormal expression patterns, or reverse genetics starting from embryo cell specific expression profiles promise to provide insight. With the players known, high resolution of their spatio-temporal patterns of expression and function becomes a pressing issue. Live imaging in embryos will be thus a challenge for the coming years that holds the promise to allow insight into the regulatory logic that builds the body plan, as much as it has aided to decipher complex networks in postembryonic development.
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